Abstract We have cloned a cDNA encoding Toxoplasma gondii pyruvate kinase and obtained the full-length recombinant enzyme with a calculated molecular mass of 57.5 kDa. The predicted amino acid sequence of T. gondii pyruvate kinase exhibited a highest identity (63%) to that of Eimeria tenella pyruvate kinase and a lower identity of less than 25% to the pyruvate kinases from other organisms. Southern blot analysis indicated that the pyruvate kinase gene existed as a single copy in the T. gondii tachyzoite. The active recombinant enzyme contained four subunits and produced a strongly sigmoid saturation curve with phosphoenolpyruvate as the variable substrate. Fructose 1,6-diphosphate, a general activating factor of pyruvate kinase in most species, did not affect the enzyme activity. However, glucose 6-phosphate radically activated the enzyme. Fructose 2,6-diphosphate suppressed the reaction velocity at a higher concentration of phosphoenolpyruvate. These properties indicate that pyruvate kinase activity in T. gondii is regulated by unusual phosphorylated sugars.
Introduction
The main source of energy for the rapidly multiplying tachyzoite form of Toxoplasma gondii appears to be glucose, which is used in a pathway similar to that of the Embden-Meyerhof scheme of phosphorylating glycolysis (Fulton and Spooner 1960) . The regulatory mechanisms of the glycolytic pathway have been extensively studied in a wide variety organisms, ranging from bacteria to higher eukaryotes, and three key enzymes, hexokinase, phosphofructokinase, and pyruvate kinase, are known to play a regulatory role in glycolysis in these organisms. In previous work on the characterization of these three enzymes in the glycolytic pathway of the T. gondii tachyzoite, the activities of hexokinase (Saito et al. 2002) and phosphofructokinase (Peng and Mansour 1992) were not regulated in an allosteric manner, whereas pyruvate kinase activity (Denton et al. 1996) was allosterically regulated. This indicates that the pyruvate kinase in the T. gondii tachyzoite may play the most important regulatory role in glycolysis in tachyzoite cells; however, no detailed characterization of T. gondii pyruvate kinase using purified or recombinant enzyme has been reported.
Pyruvate kinase is an enzyme that catalyzes the irreversible substrate level phosphorylation of ADP at the expense of phosphoenolpyruvate (PEP), yielding pyruvate and ATP. The activities of mammalian and bacterial pyruvate kinases, except mammalian M1 isozyme and some bacterial pyruvate kinases, are allosterically regulated by fructose 1,6-diphosphate (F16BP) (Valentini et al. 2000) , whereas in trypanosomatid protozoans, the allosteric activator is fructose 2,6-diphosphate (F26BP) (van Schaftingen et al. 1985) . The preliminary characterization of pyruvate kinase, using a crude lysate of tachyzoite cells as an enzyme source, indicated that this enzyme was allosterically activated by glucose 6-phosphate (G6P) in the T. gondii tachyzoite, and that other phosphorylated sugars (fructose 6-phosphate, F6P; ribose 5-phosphate, R5P; glucose 1-phosphate, G1P; F16BP; F26BP) enhanced its activity under PEP unsaturated conditions (Denton et al. 1996) . The activation of pyruvate kinase by multiple phosphorylated sugars is quite an unusual property within this enzyme family group, indicating that careful molecular confirmation of this phenomenon is necessary. We therefore started our study by obtaining the gene encoding T. gondii pyruvate kinase in order to produce an active recombinant enzyme for detailed characterization.
In this paper, we report the molecular cloning of the gene encoding T. gondii tachyzoite pyruvate kinase, expression of the active recombinant enzyme in Escherichia coli, and the detailed properties of the enzyme.
Materials and methods

Materials
Phosphorylated sugars and nucleotides were obtained from Sigma (St. Louis, Mo., USA). The possible contamination of G6P in phosphorylated sugars was checked by obtaining the manufacturer's data sheets. Other reagents were commercial products of the highest purity available.
Tachyzoites of the RH strain of T. gondii were obtained by in vitro culture as described previously (Sibley et al. 1994) .
Preparation of tachyzoite cell homogenate
A frozen paste of tachyzoites ( 2·10 7 ) was suspended in 0.5 ml of solution containing 10 mM Tris-Cl, pH 7.0, 154 mM NaCl, and 20 mM KCl. The suspension was subjected to three cycles of freezing in liquid nitrogen and thawing, and the whole lysate was centrifuged at 15,000 g for 10 min at 4°C. The collected supernatant is referred to as the cytosolic fraction.
Molecular cloning and sequencing of pyruvate kinase cDNA The T. gondii (RH strain) tachyzoite cDNA library in kZAP-II phage (Stratagene, La Jolla, USA), which is the same library as that used in the Expressed Sequence Tag (EST) database project, was provided by Dr. J. Ajioka (Cambridge University, UK).
The following polymerase chain reaction (PCR) primers were designed from the EST database of T. gondii RH strain tachyzoites, (no. 543446 and GenBank no. W35571), and used to amplify the corresponding fragment from the cDNA library: 5¢-TTCTGGA-GAGACTGCTAACGG-3¢ (sense) and 5¢-ATTCGCTGCGTTT-ACGCACTC-3¢ (antisense). A PCR product with the expected size of 199 bp was obtained and labeled with digoxigenin by random priming using a kit (DIG High Prime; Boehringer, Mannheim, Germany) according to the manufacturer's instructions. Positive clones were selected from the library using a digoxigenin-labeled fragment as a DNA probe and standard colony hybridization techniques (Sambrook and Russell 2001 ). An insert of cDNA containing the full-length open reading frame (ORF) of putative pyruvate kinase was sequenced on both strands using a Genetic Analyzer Model 310 (Applied Biosystems, Norwalk, USA). The DNA sequences were assembled and analyzed using DNASIS (Hitachi Software Engineering, Yokohama, Japan) and the CLUSTAL W algorithm (Thompson et al. 1994 ) with the sequence databases from GenBank, EMBL and DDBJ.
The nucleotide sequence data reported in this paper have been submitted to the GenBank, EMBL and DDBJ databases with the accession number AB050726.
Expression and purification of recombinant pyruvate kinase
We amplified the T. gondii tachyzoite pyruvate kinase gene from a cDNA clone, pBluescript SK(-) plasmid (Stratagene) carrying the full-length ORF of pyruvate kinase, using PCR (sense oligo 5¢-AC-TGGATCCCCGCATCTAAACAACCG-3¢; antisense oligo 5¢-TC-GGGATCCTTACTCCACAGTAAGAAC-3¢). The amplified fragment was cloned into the BamHI site of the vector pGEX-5-1 (Amersham Pharmacia Biotech, Tokyo, Japan), and transformed into BL21 E. coli. The right directional clone was confirmed by sequencing some randomly selected transformants of the plasmids. Expression of the recombinant pyruvate kinase as a fusion protein with glutathione S-transferase (GST) was induced with 1 mM isopropyl-b-thiogalactopyranoside for 2.5 h. The GST-pyruvate kinase fusion protein in the soluble fraction of E. coli was purified using an affinity column of glutathione Sepharose 4B (Amersham Pharmacia Biotech), and pyruvate kinase was separated from the fusion protein by Factor Xa proteinase according to the manufacturer's recommendations. Then they were applied to a DEAE-Toyo Pearl 650s (Toyobo, Tokyo, Japan) column equilibrated with 20 mM Tris-Cl, pH 7.0, containing 20 mM KCl and eluted with a linear gradient of from 20 to 500 mM KCl. Peak active fractions were pooled and concentrated, and applied to a Toyo Pearl HW55S (Toyobo) gel filtration column equilibrated with 20 mM Tris-Cl, pH 7.0, containing 200m M KCl. The purity of pyruvate kinase was analyzed by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described previously (Laemmli 1970) . Glycerol was added to the purified pyruvate kinase (final 30% w/v) and the solution was stored at -80°C until use.
The purified recombinant pyruvate kinase protein concentration was determined by the dye-binding procedure described by Bradford (1976) using bovine serum albumin as a standard, unless otherwise stated.
Assay of pyruvate kinase
Pyruvate kinase activity was determined at 37°C by lactate dehydrogenase-coupled spectrophotometric assay (Kahn and Marie 1982) . Oxidation of NADH by pyruvate reduction was monitored at 340 nm by a UV-1600 spectrophotometer with a TCC-240A temperature-controlled cell holder unit (Shimazu, Kyoto, Japan). The standard reaction mixture contained 1 mM PEP, 1 mM ADP, 10 mM MgSO 4 , 100 mM KCl, 0.2 mM NADH, 5 U rabbit muscle lactate dehydrogenase type II (Sigma), 100 mM 2-(N-morpholino)ethanesulfonic acid (MES)-NaOH, pH 7.0, and the test enzyme in a final volume of 3 ml. When the kinetic parameters for PEP and ADP were determined, PEP and ADP concentrations were valid from 0.1 to 5 mM and from 0.1 to 4 mM, respectively. All reactions were initiated by the addition of the test enzyme.
To determine the optimal pH for the recombinant pyruvate kinase, different buffers were used to generate a pH range of from 5.0 to 9.0 (MES-NaOH and Tris-Cl). Under all conditions, the pyruvate kinase reaction was the rate limiting step.
All assays were carried out in triplicate. Reactions were monitored for 5 min and the initial velocity was calculated from a tangent fitted to the reaction curve. Kinetic data were calculated using the non-linear curve fitting program of SigmaPlot 2000 software (SPSS, Chicago, USA).
Southern blot analysis
Genomic DNA (8 lg per tube), prepared from T. gondii tachyzoites using a kit (MagExtractor Genome; Toyobo), was treated with restriction endonucleases, separated in 1.0% agarose gel by electrophoresis and transferred to a nylon membrane by capillary blotting. A probe corresponding to the ORF was labeled with 32 P-dCTP by random priming according to the manufacturer's instructions (Takara Shuzo, Kyoto, Japan). Blots were hybridized at 65°C in 6· standard sodium citrate containing 5· Denhardt's solution, 1% SDS and 100 lg/ml salmon sperm DNA. After overnight incubation, blots were washed with 0.2· standard sodium citrate, 0.2% SDS at 65°C for 30 min, and exposed to Kodak XAR film.
Results
Cloning of T. gondii pyruvate kinase
We cloned a cDNA from the T. gondii (RH) tachyzoite cDNA library used by the EST database project. The composite sequence of the cDNA (2,207 bp) revealed a 1,596-bp ORF encoding the putative pyruvate kinase with a calculated molecular mass of 57.5 kDa and an isoelectric point of 5.95. The nucleotide sequence of the cDNA involved all of the sequences of the two available EST clones (W35571, N60468), encoding different partial amino acid sequences of the putative pyruvate kinase from the EST database, indicating that the two EST clones might be derived from one gene.
Southern blot analysis using the 32 P-dCTP-labeled putative pyruvate kinase ORF probe showed that the restriction endonucleases that did not cut the ORF gave a single band (Fig. 1) . This indicates that the putative pyruvate kinase gene exists as a single copy in T. gondii.
Features of the deduced amino acid sequence of T. gondii putative pyruvate kinase
The amino acid sequence alignment of the T. gondii putative pyruvate kinase, together with those of six pyruvate kinases from other organisms, is shown in Fig. 2 . The sequence of the T. gondii putative pyruvate kinase exhibited the highest identity (63%) to that of Eimeria tenella pyruvate kinase and lower identities of less than 25% to the pyruvate kinases from other organisms. The deduced amino acid sequence of the T. gondii tachyzoite putative pyruvate kinase had a pyruvate kinase signature, as did those of the other species, and other consensus regions such as multiple ADP binding sites, multiple binding sites of PEP, multiple binding sites of divalent cations, and multiple binding sites of monovalent cations. On the other hand, some unique amino acid sequences, including a deletion, were observed in the predicted effector binding sites of T. gondii putative pyruvate kinase.
Expression and kinetic properties of recombinant T. gondii pyruvate kinase The T. gondii putative pyruvate kinase protein was expressed as a fusion protein with GST in E. coli and was separated by Factor Xa protease. The molecular weight of the purified protein analyzed by SDS-PAGE was $58 kDa (Fig. 3) . This is the same as the expected size calculated from the ORF amino acid sequence. The recombinant protein was eluted from the Toyo Pearl HW55S gel filtration column with an apparent molecular mass of 220-240 kDa, as estimated by comparison of the elution volume for standard proteins of known molecular mass (data not shown). The data suggest that the recombinant putative pyruvate kinase protein consists of a tetramer composed of four identical subunits. The native pyruvate kinase, which is exclusively recovered in the cytosolic fraction of tachyzoite cells (Saito et al. 2002) , was also eluted from Toyo Pearl HW55S at the same position as the recombinant protein.
The purified protein catalyzed the pyruvate kinase reaction, indicating that the ORF encodes a real pyruvate kinase. T. gondii pyruvate kinase exhibited maximal activity at pH 7.0, and more than 60% of the maximal activity was observed between pH 6.0 and pH 7.0; however, a rapid decrease of activity was observed between pH 7.0 and pH 8.0 and the activity disappeared at pHs above pH 8.0 (data not shown). The enzyme was stable when stored in buffer containing 20 mM Tris-Cl, pH 7.0, 30% glycerol, and 200 mM KCl for 1 week at 4°C. No loss of enzyme activity was observed with one cycle of freezing and thawing.
The kinetic parameters for T. gondii pyruvate kinase for PEP, together with the effects of several phosphorylated sugars on the parameters, are shown in Table 1 . The most striking feature of the kinetic data of T. gondii pyruvate kinase is that G6P markedly reduced the K m value for PEP. In the presence of 1 mM G6P, the sigmoid saturation curve with PEP as the variable substrate changed to a hyperbolic form (Fig. 4a) and the Hill coefficient for PEP in the presence of G6P also decreased (Table 1) . The apparent K a value was 0.08±0.01 mM. The data indicate that G6P is a potent allosteric activator. On the other hand, almost no effect on pyruvate kinase activity by other phosphorylated sugars, as tested under the experimental conditions, was observed (Table 1) ; however, 10 lM F26BP inhibited the enzyme activity to some extent when the PEP concentration was 5 mM or higher (Fig. 4b) .
The apparent K m value for MgADP -was 0.18±0.01 mM, and no sigmoid but a hyperbolic saturation curve with MgADP -as the variable substrate was observed. None of the phosphorylated sugars listed in No enzyme activity was detected when pyrophosphate was used as a phosphoric acid donor. AMP had no effect on the enzyme activity. MgATP 2-inhibited enzyme activity to some extent in a non-competitive manner, and the K i value was 1.77±0.22 mM.
The K + ion was essential for both the activity and stability of the T. gondii pyruvate kinase. When K + ions were removed by dialysis, irreversible inactivation of the enzyme was observed. The presence of K + ions at 100 mM or higher gave maximal activity, and at 20 mM or higher protected the enzyme activity from inactivation. An excess amount of magnesium over that needed to form MgADP -was required for maximal activity (Fig. 4c) . Magnesium could be replaced by manganese, and marked activation of the enzyme by manganese was observed (Fig. 4c) . In the presence of divalent cations at 5 mM, the activity in the presence of manganese was about 38 times that in the presence of magnesium (Fig. 4c) . The results indicate that free divalent cations serve as an activator. Fig. 2 Amino acid sequence alignment of T. gondii pyruvate kinase with six pyruvate kinases from other species. Accession numbers for the sequence data shown are: T.g., T. gondii (this study; AB050726); E.t., Eimeria tenella (AF043910); T.b., Trypanosoma brucei (X57950); L.m., Leishmania mexicana (X74944); Rab., Oryctolaaus cuniculus (rabbit) muscle pyruvate kinase (15987970); HpM1, Homo sapiens muscle isozyme 1 (S64635); HpM2; Homo sapiens muscle isozyme 2 (XM085209). Vertical lines indicate the dividing line of four three-dimensional domains (N, A, B, C) as described previously (Rigden et al. 1999 The specific activity of the purified recombinant enzyme was 179.8 lmol/mg protein per min at 37°C under optimal conditions in which magnesium was present as a divalent cation. This is similar to the findings in other organisms. For example, the purified recombinant puruvate kinase in yeast was 367 lmol/mg protein per min at 37°C (Murcott et al. 1991 ) and in Thermoplasma acidophilium it was 201 lmol/mg protein per min at 37°C (Potter and Fothergill-Gilmore 1992) .
Discussion
To perform a detailed characterization of T. gondii pyruvate kinase, we made a recombinant pyruvate kinase by expression of the cloned T. gondii pyruvate kinase gene in E. coli. In all organisms, pyruvate kinases are homotetramers, except those of Shizosaccharomyces pombe (Nairn et al. 1998) and Zymomonas mobilis (Pawluk et al. 1986 ) whose pyruvate kinases have been reported to be homodimers. Our results indicate that the recombinant pyruvate kinase of T. gondii is also a homotetramer. Native pyruvate kinase in T. gondii tachyzoite lysate should be a homotetramer, because the native pyruvate kinase was eluted from a gel filtration column at the same position as the recombinant protein, and the T. gondii pyruvate kinase gene is considered to exist as a single copy gene.
The three-dimensional structure of pyruvate kinase consists of four distinct domains, named N, A, B and C (Rigden et al. 1999 ). In the amino acid sequence of T. gondii pyruvate kinase, there is a relatively long N terminal, N-domain, resembling that of E. tenella pyruvate kinase (Fig. 2) . The N-domain is only present in eukaryotic enzymes, and its function is still unknown. The A-and B-domains in all organisms, containing substrate binding sites and cation binding sites, are well conserved. However, the C-domain is variable in some organisms. In this study, it was confirmed that the predicted substrate binding sites and cation binding sites of the A-and B-domains of T. gondii pyruvate kinase are also well conserved. On the other hand, some unique sequences, including a deletion, were identified in the predicted effector binding sites of the C-domain. A comparison of the predicted binding sites of the 6-phosphate moiety of F16BP, located in the C-domain of T. gondii pyruvate kinase, with the corresponding regions of other pyruvate kinases is shown in Fig. 5 . An essential amino acid (E; residue 447) of the T. gondii and E. tenella pyruvate kinases, which is needed for binding the 6-phosphate moiety of F16BP in a three-dimensional pocket that is present between the b-1 sheet and a-3 strand, is the same as in rabbit muscle pyruvate kinase (Larsen et al. 1994 ) and the human M1 isozyme (Noguchi et al. 1986 ). These are not allosteric enzymes and are not activated by F16BP. This indicates that F16BP is not the allosteric activator of T. gondii and E. tenella pyruvate kinases. The properties of T. gondii pyruvate kinase discussed below are consistent with the amino acid sequence data.
The properties of T. gondii pyruvate kinase demonstrate a number of unusual features. Perhaps the most striking is that, as described previously, G6P is a potent allosteric activator (Denton et al. 1996) . This was confirmed in this study. The evidence strongly suggests that the concentration of G6P plays an important regulatory role in the flow of glycolysis in tachyzoites. In other organisms, the allosteric activation by G6P is only known in E. tenella (Denton et al. 1996) and Mycobacterium smegmatis (Kappor and Venkitasubramanian 1981) pyruvate kinases. This unusual feature may be related to parasitism. Further investigations are necessary to clarify this. A previous paper (Denton et al. 1996) also reported the activation of T. gondii pyruvate kinase by several phosphorylated sugars. However, we could not confirm activation by these phosphorylated sugars except for G6P. Furthermore, no pyruvate kinases activated by multiple phosphorylated sugars have yet been identified. The use of a crude lysate of tachyzoites as the enzyme source in the previous paper might have caused the discrepancy between our results. Another possibility is that the other phosphorylated sugars might have been contaminated with G6P, since the K a value is so low (0.08±0.01 mM) that a small amount of contaminated G6P would be enough to activate the enzyme. In fact, we confirmed that contamination with G6P in some lots of commercially available F6P caused enzyme activation when 1 mM F6P was used.
Another interesting feature of T. gondii pyruvate kinase is that the enzyme activity was inhibited by low concentrations of F26BP at high concentrations of PEP (Fig. 4b) . F26BP is well known to be an allosteric activator of mammalian phosphofructokinase 1. For protozoa, it is also known that F26BP is an allosteric activator of Trypanosoma brucei (van Schaftingen 1985) and Leishmania mexicana (Rigden et al. 1999 ) pyruvate kinases. In no case was a negative effect of F26BP on glycolysis reported. Furthermore, the inhibitory effect of F26BP on T. gondii pyruvate kinase only appeared under conditions in which the concentration of PEP was 5 mM or higher. Therefore, it is not clear whether the inhibitory effect of F26BP on T. gondii pyruvate kinase is physiologically significant or not. If the presence of phosphofructokinase 2, producing F26BP, in T. gondii is proved, the physiological significance of F26BP should be considered.
Another remarkable feature of T. gondii pyruvate kinase is that manganese markedly activated the enzyme (Fig. 4c) . The conservation of the predicted divalent cation binding sites in the amino acid sequence of T. gondii pyruvate kinase indicates that the enzyme is activated by divalent cations. This is a common property of pyruvate kinase in almost all organisms. However, such markedly higher activity of T. gondii pyruvate kinase in the presence of manganese has not been reported previously. Although the physiological significance of this phenomenon is not clear, a three-dimensional structural study of T. gondii pyruvate kinase may provide a good model for understanding the activation process of pyruvate kinase by divalent cations.
In this study, we confirmed the importance of G6P in the glycolytic pathway of T. gondii. Pyrophosphatedependent phosphofructokinase activity lacks a regulatory property (Peng and Mansour 1992) , and this step seems to be non-rate limiting in the pathway. Another key enzyme, hexokinase, which produces G6P, is also non-regulatory, whereas its lower activity in whole tachyzoite lysate suggests that this step is rate limiting (Saito et al. 2002) . This indicates that hexokinase and pyruvate kinase play important roles in the flow of glycolysis in T. gondii tachyzoites. In particular, pyruvate kinase is likely to be more important since its activity is regulated by unusual phosphorylated sugars, which may correlate with intracellular parasitism. The biological significance of pyruvate kinase in tachyzoites is now under study. 
